L aboratory Astrophysics using a Spare XRS Microcalorimeter

F. Scott Porter, M. Damian Audley®, Peter Beiersdorfer®, Kevin R. Boyce®, Regis P. Brekosky?,
Gregory V. Brown®, Keith C. Gendreau®, John Gygax®?, Steven Kahn®, Richard L. Kelley?,
Caroline K. Stahle®, Andrew E. Szymkowiak®

®NASA/Goddard SpaceFlight Center, Greenbelt, MD
P|nstitute of Space ad Astronautica Science, Sagamihara, Japan
“Lawrence Livermore National Laboratory, Livermore, CA
dSwales and Asociates, Beltsville, MD
“Columbia University, New York, NY

ABSTRACT

The XRS instrument on Astro-E is a fully self-contained microcdorimeter x-ray instrument capable of aoquiring, optimally
filtering, and charaderizing events for 32 independent pixels. We have recently integrated a full engineaing model XRS
detedor system into a laboratory cryostat for use on the dedron bean ion trap (EBIT) at Lawrence Livermore National
Laboratory. The detedor system contains a microcdorimeter array with 32 instrumented pixels hea sunkto 60 mK using an
adiabatic demagnetizaion refrigerator. The instrument has a cmposite resolution of 8eV at 1 keV and 11eV at 6 keV with a
minimum of 98% quantum efficiency and a total colleding area of 13 mn? . This will alow high spedral resolution,
broadband observations of plasmas with known ionization states that are produced in the EBIT experiment. Unique to our
instrument are exceptionally well charaderized 1000Angstrom thick aluminum on polyimide infrared blocking filters. The
detail ed transmisgon function including the edge fine structure of these filters has been measured in our laboratory using a
variable spaceal grating spedrometer. This will alow the instrument to perform the first broadband absolute flux
measurements with the EBIT instrument. The instrument performance & well as the results of preliminary measurements of
Fe K and L shell at fixed eledron energy, Fe emisson with Maxwellian eledron distributions, and phase resolved
spedroscopy of ionizing plasmas will be discussed.
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1. INTRODUCTION

X-ray astronomy is a very rich field for studying astrophysicd phenomena. Plasmas surrounding adive galadic nuclei, in
supernova remnants, and in galaxy clusters, for example, emit radiation predominately in the x-ray. The x-ray emisson from
these objeds can dve key insights into the loca conditions where the x-rays are produced including the ionizéion state of
the plasma, the ionization equili brium, and the composition of the plasma. Since 1992 the ASCA satellite has surveyed
hurdreds of objeds providing moderate resolution spedra using its two CCD cameras. The aurrent state of the spedroscopic
models, including the MeKal code is sufficient to model many of the results. However, even with ASCA, the eisting
models can sometimes give mideading results. With the launch of Chandra axd XMM and their high resolution grating
spedrometers, the situation beames much more cmplicated. The grating instruments on these satellites are caable of
observing line ratios of closely spaced emisgon lines, including Fe L shell lines from various ionization states of Fe, an
important trace of hot astrophysicd plasmas. With these data, the details of the aomic physics models are beaoming
extremely important including exad line positions for ead ionizaion state, and their relative aosssedions as a function of
eledron temperature. In addition, many systems including supernova remnants are not in thermodynamic equili brium further
compli cating the interpretation.

In addition to Chandra and XMM there was to be athird olservatory, Astro-E, with the adility to do high resolution x-ray
spedroscopy. Unfortunately, ealier this yea, the satellite failed to read orbit. The Astro-E satellite included a novel high
resolution x-ray spedrometer, the XRS, based on a ayogenic microcaorimeter array’ composed of a 32 segment pixil ated
detector described more completely in sedion 2. The microcdorimeter had a resolution of 8 eV at 1.5 keV and 11eV at 6
keV and had more alleding areathan Chandra and XMM at the important Fe K emisson region nea 6 keV. It also had a
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broad bandpassextending from 0.3 keV through12 keV. Sincethe detecor was non-dispersive, it was well suited for looking
at extended oljeds, which can be difficult with the grating instruments. Thus the XRS on Astro-E would have mmplemented
well the instruments on the other two satellit es.

With the Astro-E program, we built a cmplete working engineaing model detedor assembly and read-out eledronics as
well as the flight system and a flight spare. With the lossof Astro-E, the flight spares have been placed in storage to await a
possble Astro-E reflight or a reduced scope small explorer misson. However, this left the engineaing model detedor system
available for laboratory use. We have recently integrated the detedor assembly module and a 32 element flight-like detecor
array into a laboratory cryostat for use with the Eledron Bean lon Trap (EBIT) at Lawrence Livermore National Laboratory
(heredter referred to as the XRS/EBIT). The beauty of using an XRS engineging model in the laboratory is that it has sIf
contained read-out and front end processng for the full 32 channels, including pulse height and pulse shape analysis, 10 us
pulse timing, pile-up detedion, and noise analysis. This grealy simplifies our ability to field a multi-channel
microcdorimeter instrument for laboratory use.

The EBIT madine is arguably the best ion source yet constructed for studying astrophysically interesting plasmas on the
ground®®. The EBIT at LLNL can injed both gases and metals and form colli sionally excited plasmas with eledron densities
of about 10'%cm®. In addition, the EBIT produces nealy pure ionization states because of its monoenergetic dedron beam
that both ionizes and excites the target plasma. The EBIT can then approximate aplasma in thermodynamic eguili brium by
sweeping the dedron beam energy to produce aMaxwelli an distribution at a given temperature®. The @mbination of these
two modes, monoenergetic and Maxwelli an, allows us to do detailed emisdon line surveys of astrophysicdly interesting
plasmas from dired excitation, radiative recombination, and deledronic recombination.

Using the EBIT madine and refledion grating spedrometers, the L shell emisson from Fe has been mapped for various
charge states including XV I11-XX 1V>® with resolving powers of about 1000at 1 keV. While this is almost 10 times better
than the resolution of the XRS microcdorimeter at the same energies, the XRSEBIT has a grea ded to dofer as a
complement to the grating spearometer. The high quantum efficiency (95% at 6 keV), and relatively large wlleding area(13
mnt) of the XRS/EBIT along with its large bandpass (0.1 — >12 keV in its laboratory configuration) make it an extremely
fast detedor allowing many observations to be completed in a short amount of time. In addition, the response function of the
XRS/EBIT has been well charaderized (seesedion 2) alowing predse measurements of line flux ratios, which are difficult
to achieve with the grating instruments. Finally, the XRS/EBIT is insensitive to the individual polarization components. This
helps in the interpretation of the high resolution crystal spedra which typicdly preferentialy refled one polarizaion
component.

The XRSEBIT system was installed on the EBIT machine on July 19, 2000and has been continuoudly taking data, except
for cryogenic servicing, for several weeks. We present some of these results in Sedion 3. The results presented are to
demonstrate the operational capabiliti es of the XRS/EBIT system and are preliminary, meaning that the analysis has not yet
been completed. In our ealy experiments, we have concentrated on Fe K and L shell emisson at fixed eledron energy,
radiative recombination, and maxwelli an distributions of eledron energy with <kT> between 0.5 and 3 keV. Findly, we have
used the exceptional timing capabiliti es of the XRS together with a GPS based timing synchronization system to perform
phased resolved spedroscopy with the EBIT injedion cycle. This alows us to look in detail at non-equili brium plasmas that
are charging Y from the low charge state when the ions are injeded into the dedron beam urtil they read ionizaion
equili brium. We have taken many hours of phase folded data and have observed time dlices of 5 mswith excdlent statistics.

The long term goal of using the XRS/EBIT, grating spedrometers and the EBIT madine is to provide maps for interpreting
the high resolution spectra obtained by Chandra, XMM, and in the future an XRS-like instrument and Constell ation-X. We
hope to provide detailed and predse line ratio maps of highly ionized charge states of abundant astrophysicd elements from
oxygen to iron. In addition we hope to provide predse demonstrations of line ratios in non-equili brium plasmas and
colli sionall y excited thermal plasmas at a range of eledron temperatures.

2. EXPERIMENTAL SETUP
In this sdion we will describe the XRS/EBIT instrument and the EBIT machine from the bottom up, so to spe&, starting

with the microcdorimeter detecdor and moving through the EBIT machine itself. Finaly we will describe the arrent
configuration of the XRS/EBIT-EBIT experiment.



2.1 The XRS/EBIT microcalorimeter detector

FA b L L | Gy (o2 et
wadh oab WA R4 SA e
-

Figure 1. The XRS/EBIT 6x6 microcdorimeter array. The blowup ontheright is asingle pixel before the HgTe ésorber has been
attached, showing the thermal isolation beams.

Microcdorimeter x-ray detedors function by measuring the hea input for a single x-ray absorbed into a thermally isolated
structure with a very sensitive thermometer (for an extensive discusson see Stahle & al.”). The XRYEBIT detectors use an
ion-implanted thermistor with very high sensitivity nea the 0.06 K operating point of the detedor. The XRS/EBIT
microcdorimeter array, shown in Figure 1, is composed of 36 pixelson a0.64 mmgrid in a 6x6 configuration. The pixels are
micromachined out of a singe pieceof silicon and are ion implanted to form Mott hoping conductivity thermistors on eadh
suspended island. Thermal isolation is achieved by thinning the pin-whed suppart legs to ~8 pm thickness Thus the entire
array structure can be monolithicaly produced using standard microeledronics techniques®. The x-ray absorbing material is
HgTe that is epitaxially grown on a CdZnTe/CdTe substrate and then diced into single x-ray absorbers which are caefully
attached with a space to eat detedor in the aray with a small dot of epoxy. The ésorbers overhang the legs and frame
structure of ead pixel to give a95% close packing fradion and an effedive aeaof 0.41 mnf/pixel. The choice of HgTe &
an absorbing material is a mmpromise between fast thermalizaion and minimum hed capadty. We have successully used
this absorber material in both our XRS flight program and our XQC sounding rocket with thickness between 1 and 10 um.
The XRSEBIT detedor has 8.5 um thick HgTe asorbers giving ts a minimum of 95% quantum efficiency through 6 keV
and 676 at 10keV. The energy resolution of the detedor with all 32 pixelsco-addedis8 eV at 1 keV and 11€V at 6 keV.

D

Figure 2. A closeup d thetop d the detedor front end assembly (FEA). The XRS/EBIT microcdorimeter array is centered in the picture.



The 6x6 detector array was originally seleded for flight in the XRS instrument and underwent an extensive six week
cdibration program including mapping spedral redistribution and the resolution core @ a function of energy using high
performance monochrometers. However, late in the program, a subtle thermal mechanica failure in the 6x6 detector due to
its mecdhanicd suppat was uncovered and the 6x6 configuration was replacel for flight by an older and more robust 2x18
configuration. The 6x6 used in the XRS/EBIT detedor is the same aray that was originally scheduled to fly in XRS. The
array had 4 lroken pixels do to thermal mechanicd stressbut since the XRS has only 32 readout channels we were &le to
replace the broken pixels with the spares on the mrners of the 36 pxel array. We then implemented a less constrained
mourting scheme for the XRS/EBIT and the system appeas to be very robust. Thus we ae ale to leverage our current
experiments off of the extensive original XRS cdlibration program.
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Figure 3. The aror signa of the control thermometer for the XRS/EBIT ADR at 59 mK. The eror signal is<5 uK RMS, and 5pK D.C.
from the set point temperature. A 3000semndtime sequenceis siown.

We have mounted the XRS/EBIT detedor array in an XRS engineeing model front end assembly (FEA) which is a modular
structure mounted on the helium reservoir in the ayostat. The FEA contains the Kevlar isolation for the 60 mK detedor
stage, infrared blocking filters and 32 FET readout channels. The thermistors for ead channel are read out in a voltage
divider arrangement with a 90 MQ load resistor by a FET source foll ower cooled to 130K. The temperature controlled FET
stages, and their suspension structure to provide thermal isolation from the helium tank are dl integrated into the FEA. A
picture of the FEA with its covers removed is iown in Figure 2. The modular nature of the FEA grealy simplified its
integration into the XRS/EBIT cyrostat.

2.2 The XRS/EBIT cryostat

The XRS flight instrument used a 32 liter superfluid helium tank at 1.3 K coupled to a solid neon outer cryogen tank at 17 K
giving a two yea cryogen lifetime. The low temperature refrigerator® on the XRS was an adiabatic demagnetization
refrigerator (ADR) using 1 kg of FAA refrigerant. Such a complex, expensive, and large arangement is not pradicd in the
laboratory, espedally with the desire to minimize the distance between the EBIT madhine and the detedtor. Thus we alapted
a standard laboratory liquid helium cryostat to accept a smaller 50 g ADR developed for our XQC sounding rocket program.
The resultant cryostat accets the XRS detedor assembly axially and looks out the bottom of the ayostat. By manufaduring
the ayostat with offset cryogen ports we ae @le to successully operate and fill cryogens in the experiment while it is
operated horizontally. In this configuration the liquid helium bath is pumped to 1.5 K and has a 36-48 hour hold time on ~6
liters of helium. The 50 g ADR has typicdly runfor ~12 hours at 59 mK with 0.7 uW of parasitic hea load. However, due to
a structural imperfedion in the salt pill housing, its performanceis currently 5.5 hours at 59 mK. Thiswill be wrreded in the
next build of the ayostat.

Temperature @ntrol of the detedor assembly is achieved using commercial doped germanium thermometers readout by a
high performance resistance bridge and a software PID controller fed badk to the superconducting magnet that controls the
temperature of the ADR. This arrangement is smple, robust, and requires no custom hardware. We cnsistently achieve
temperature control of <5 pK RMS at 60 mK as siown in Figure 3. The limitation is currently the resolution of our AV S-47
resistance bridge sincewe ae airrently controlli ngto within 2 or 3 LSBs of the readout.



The XRS/EBIT cryostat includes four 1000A thick polymid infrared blocking filters with between 400-1000A of aluminum
ead. These ae necessary to eliminate excessve heding of the detector and the refrigerator from the 300K external port and
to eliminate photon shot noise from visible photons. The filters used are left over from the XRS program and have not been
optimized for use with the EBIT. Parylene filters with less aluminum as used succesgully in our sounding rocket program
may be more gpropriate for this application and will be investigated for future use. Finally thereisa 1 um thick Be window
on the main shell of the ayostat to isolate the dewar vaauum from the EBIT vaauum. The detail ed response function of these
filters as a function of x-ray energy is of primary importance for doing any sort of absolute flux measurements with this
instrument and will be discussed in sedion 3.

2.3 Detector Readout €electronics

Another benefit from utilizing technology developed during the XRS program is that the room temperature readout
eledronics is complete, modular, and extremely powerful. The XRS/EBIT instrument contains a full set of XRS engineeing
model room temperature dedronics. This g/stem includes preanplifiers, anti-aliasing filters, ADCs, and a complete digital
analysis chain for ead channel along with extensive housekeeping functions. The digital analysis chain consists of a high
performance DSP for ead channel that generates and then applies an optimal filter matched to the x-ray pulse shape and the
noise evironment. An extensive description of the digital eledronics is given in Boyce & al.’° The output of the digital
eledronics chain is a 64 ht descriptor for ead x-ray event giving its optimally filtered pulse height, risetime, flags, and a 10
us resolution time stamp. Other functions include pile-up detedion, the mlledion of noise spedra, and 1V curves for the
individual channels. Finally the analog chain provides automatic control over the 32 FET source follower channels and
controls the anti-coincidence detedor which is gationed beneah the detedor array. The use of the XRS eledronics g/stem
gredly accéerated our ability to field a 32 channel instrument for use with the EBIT fadlity.
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Figure 4. Current configuration d the EBIT machine with the XRS/EBIT microcdorimeter detedor at the top o the figure.

Pulse time tagging is extremely important for operation with the EBIT. The EBIT macdhine performs a periodic cycle of ion
injedion, trapping, and dumping of the trapped ions. The gscle time is typicdly a few seconds. In order to avoid, or to
spedficdly observe, the non-equili brium charge state distributions right after injedion, it is necessary to time tag the x-ray
events in the detedor with resped to the EBIT cycle time. We adieve this using a commercial GPS time synchronizaion
system that correlates time pulses from our detecor eledronics with cycle initiation pulses from the EBIT machine. We ae
then able to asdgn a phase time to eat x-ray event. The event file is then phase folded on the injedion time and the regions
of interest extraded. Thisis a very powerful technique for looking at non-equili brium ionizaion states as discussed in sedion
4,



2.4 TheElectron Beam lon Trap (EBIT)

The dedron beam ion trap was designed and implemented at the Lawrence Livermore National Laboratory. It was
spedficdly developed and huilt for studying the interadions of eledrons with highly charged ions using X-ray
spedroscopy™’. Neutral atoms or ions with low charge ae injeded into a nealy monoenergetic beam where they are
collisionally ionized and excited by an eledron bean. The beam eledrons are confined and focused by a 3 Teda magnetic
field, generated by a pair of superconducting Helmholtz ooils. As the beam passes throughthe trap region of 2-cm length, it is
compressd to a diameter of approximately 60 um. lons are longjtudinally confined in the trap by applying the gpropriate
voltages to a set of threedrift tubes throughwhich the bean passs. Radia confinement is provided by eledrostatic atradion
of the dedron beam, as well as flux freeang of the ions within the magnetic field. All threedrift tube voltages float on top o
a common potential that is supplied by a fast-switching high-voltage anplifier. The dedron bean energy is determined by
the sum of these patentials and may range between about 150and 20000€V for most measurements of interest. The dedron
bearcr;1 2densitay at a given beam energy can be seleded by varying the beam current. It typicdly is in the range of 2x10" —
5x10“cm ™.

Six axia dots cut in the drift tubes and aligned with six vaauum ports permit dired line-of-sight accessto the trap. One port
is used for introducing atomic or moleaular gases into the trap by means of a balli stic gas injedion system. The remaining
five ports are used for spedroscopic measurements, including the XRS/EBIT detedor system. A seventh port on top d EBIT
permits axial accessto the trap and is used for the injedion of singly charged metal ions in the trap from a metal vapor
vaauum source

2.5 The XRS/EBIT detector coupled tothe EBIT machineat LLNL

The XRSEBIT detedor is attached to one of six radial ports on the EBIT machine a sown in Figure 4. The distance
between the detedor and the ion trap is lessthan 60 cm in its current configuration. This gives a curnt rate of between 50 and
300 counts/semnd/array for the experiments we have performed to date. This is well matched to the caabiliti es of the
XRS/EBIT system, which runs efficiently at rates up to about 300 cparray.

With the XRS/EBIT running horizontally we obscure only one of six ports of the EBIT madine dl owing other spedrometers
to be used simultaneously with the cdorimeter. Currently we ae using threevaauum flat crystal spedrometers*? one or two
von Hamos curved crystal spedrometers™ aflat-field grating spedrometer* or a germanium detector and the XRS/EBIT for
both broad band and high spedral resolution coverage. This is esential since the aystal spedrometers with resolutions of
about 1 eV FWHM can resolve the line blendsin the cdorimeter, which adds broad band coverage and higher statistics.

The XRSEBIT detedor system after a week of assembly and cdibration spot chedks was attached to the LLNL EBIT
machine on July 19, 2000 At the time of this writing it has been succes<ully operating for two weeks on a 24 hour, 7 day a
week schedule except for cryogen servicing.

3. CALIBRATION

Calibration of the detedor system is a multi-phase, time-consuming, but extremely important component for doing laboratory
astrophysics. The XRS/EBIT detedor is very complex which makes this task al the more important. From the XRS program
we inherited measurements of the resolution core and spedral redistribution in the detedor as a function of energy™
performed with high resolution x-ray monochrometers. Spot chedks of these measurements in the aurrent configuration have
shown that the detecors have not changed since that time. In addition however, the energy scde of the detedors must be
known with high predsion over the attire bandpass The energy scde cdibration at high energies was done by using a
rotating target fluorescence whed excited by an x-ray tube. The results of this measurement are shown in Figure 5. The low
energy cdibration was done with the EBIT itself by using the known pasition of O, Fe and Ar K and L shell emisgon.

Of crucial importance in doing absolute flux studies at EBIT over a broad bandpassis to know the predse transmisgon
function of the filter stadk. Thisisatwo fold processof measuring the Al and O K edge structure in an external apparatus and
then measuring any contribution from ice acamulated on the filters in-situ after the experiment is cooled dowvn. The ice
measurement must then be repeaed periodicdly to tradk any changes in the ice thickness For the external cdibration, we
inserted the filter stadk into a variable spaced grating spedrometer equipped with an x-ray CCD camera. The grating all owed
us to measure the O and Al edge structure with a broadband x-ray bean without scanning the spedrometer. The filters were



then periodicdly inserted and removed to doan A-B measurement on the CCD detedor. This is the same procedure utili zed
for the XRS flight filter stad'®. The filters currently in the XRS/EBIT instrument were cdibrated for approximately 4 weeks

using this method with the results srown in Figure 6.
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Figure 5. Calibration spedrum from the full co-added 32 pxel array using arotating target fluorescence source The darker spedrum
undernegh isthat for asingle pixel.

Transmission function of XRS/EBIT filter stack
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Figure 6. Filter transmisson o the XRS/EBIT filter stadk. The thicknessof the paymide and aluminum were determined by measuring the
oxygen and aluminum edge structures using a variable spacal grating spedrometer. Inset is the measured extended fine structure of the
aluminum K edge.

The in-situ measurement was done by attaching a Manson x-ray sourcewith a Au target on a 12 foot bean line to the vaauum
port on the XRSEBIT. The long beam line is necessry because the Manson source is too kright for the XRS/EBIT



instrument. This continuum x-ray source esenly illuminates the microcdorimeter array and the depth of the oxygen and
aluminum edges can be eaily measured. The depth of the duminum edge tell s us whether the entire filter stad isintad and
the depth of the oxygen edge compared to the offline measurements tell s us about ice acemulation. Measurements after a 3
day pumpdown and 2 days at its base temperature indicate an additional 20 pg/cm? of oxygen on the filters compared to
about 10 for the filters themselves. This is well within our operating parameters. The ice acamulation is almost certainly
from outgassng of the MLI insulation used in the ayostat. Periodic re-measurement of the oxygen edge will alow us to
make rredions to the response function for the instrument. Experience with our sounding rocket instrument shows that the
outgassngis minimal after the first few days at low temperatures.

4. PRELIMINARY RESULTS
Here we present some of the ealy results from our current observation campaign with the EBIT. The data ae still not fully
analyzed and the dfeds of the response function have not been included. We do not try to placemuch interpretation on the
data beyond identifying spedral feaures. The interpretation of the results is ongoing and should yield exciting results in the
nea future.

4.1 FeK and L shell emission for a monoener getic electron beam
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Figure 7. K shell emisgon spedrum of Fe XXV (He-Like) using the XRS/EBIT microcdorimeter detedor. The resolution o the detedor is
abou 115 eV FWHM.

For this experiment the EBIT machine is run in its monoenergetic mode without sweguing the dedron beam energy. The
cdorimeter acawmulates time and phase resolved x-ray events and then is able to fold them to remove the injedion time.
Figure 7 shows a spedrum of Fe K shell emisson from Fe XXV (He-like) a small amount of Fe XXIV (Li-like) using the
XRS/EBIT for an 18ks exposure. The individual lines in the He-like system are dealy resolved in the spedrum with very
high statistics. The data were taken simultaneously with two Von Hamos dyle aurved crystal spedrometers and the analysis
of the relative line strengths will be combined between the threeinstruments.

Figure 8 shows an Fe L shell spedarum from charge states of Fe including Fe XX11l and Fe XXV from both the cdorimeter
and a simultaneous measurement with a flat crystal spedrometer. It is clea from these observations that the instruments are
very complementary. The aystal spedrometer has a resolution of about 1 €V but has a restricted bandpass and lower
statistics. The cdorimeter has much higher statistics and covers the entire band simultaneously. From figure 8 one can see
that the aystal spedrometer clealy separates emisson lines that form a blend in the cdorimeter. We @ntinue to survey the
important Fe L shell emisson for various charge states of Fe with the cdorimeter and simultaneously with three eystal
spedrometers.



The monoenergetic dedron beam in the EBIT allows one to make singe carge states of Fe. For example, at 1.75 keV
eledron energy, Fe XXII (C-like) is by far the dominant spedes. At 1.9 keV, Fe XXIII (B-like) takes over and accounts for

the bulk of the emisson. Thus by stepping through in beam energy it is possble to survey the steady state amisson from
ead charge state for ead ion spedes.
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Figure 8. The lower panel isan L shell spedrum of Fe XXl and XX 1V aong with K shell oxygen and aher residual gas obtained with the
EBIT/XRS microcdorimeter. The upper panel isavaaium flat crystal spedrometer spedrum over its much narrower band pass Note that

the instruments are cmplementary. The aystal spedrometer helps lit the line blendsin the caorimeter spedrum.

4.2 Phase resolved spectroscopy, non-equilibrium plasmas

The EBIT madine runs in a continuous cycle of low charge state ion injedion, ion trapping and then ion dumping to refresh
the trap. The g/cle is typicdly repeaed every few seands. When the ions are initially injeded from the source (a metal
vapor arc in the cae of Fe) they are gproximately singly charged. They are then ionized and collisionally excited by the
eledron bean. However, it takes a finite time for the ions to come into an equili brium charge state where recombination
balances ionization. During this time the ions charge up to higher states of ionization. For Fe this takes about 0.5 seconds.
During this time the emisson can be very bright compared to the equili brium value. Thusif oneisinterested in looking at the
steady state one must cut out the first half second of ead multi-second cycle. We do this with the XRS/EBIT by phase
folding the time stamped events with an injedion trigger receved from the EBIT as discussed in sedion 2. However, one can
also look at the non-equili brium plasma by making short phase aits on the time dter injedion.

Figure 9 shows the power of the phase folding technique. Here we show 3 different phase auts 5 ms long at 10ms, 100ms,
and 500 ms after injedion. The 500 ms panel represents the stealy state ionizaion for a 2.3 keV monoenergetic beam. In
Figure 9 one can clealy seethe ionizing Y o Fe from relatively low charge states up through its seady state value of
predominately Fe XX1V. We have done more than 100 fhase aits, in 5 ms geps, on this data and can study in detail the time
resolved evolution of a non-equilibrium plasma. The study of non-equilibrium plasmas is particularly important for
understanding the emisson at and behind shock fronts in objeds sich as supernova remnants'’. The phase resolved
measurements also enable usto pin point the time dter which equili brium has been readed, and all ows us to cut out data that
may adversely affed the excitation studies requiring equili brium.
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Figure 9. Phase folded spedrum of a non-equili brium plasma. Three5 mslong time dlices are shown 10 100, and 500ms after Fe
injedion. The dedron beam energy is 2.2 keV which will produce predominately Fe XX 11l and XX1V as siown in the lower pandl.

4.3 Maxwellian electron distributionsin equilibrium plasmas

In addition to looking at colli sional excitation from a monoenergetic dedron beam, the EBIT madhine is cgpable of scanning
the dedron bean energy on a fast time scade. The beam energy is ramped along a maxwelli an velocity profile very quickly
compared to the injedion period. Thus the ions quickly read a stealy ionization state, sincerecmbination is a slow process
but with a maxwellian velocity profile of the dedrons. This allows the machine to closely approximate a plasma in
collisional equilibrium with eledrons at a singe temperature. A bean profile is diown in Figure 10 for an eledron
temperature of <kT> =2 keV. In its current configuration the EBIT is cgpable of producing Maxwelli an distributions over a
broad range of temperatures up to about 3.5 keV. The upper limit is restricted by the ~24 keV maximum beam energy
necessary to reproduce the tail s of the distribution. In Figure 11 we show a spedrum of a maxwellian distribution at <kT> =
2.2 keV using the XRS/EBIT cdorimeter. With this processwe can simulate, for example, the conditions within an x-ray
emitting cluster of galaxies at many diff erent temperatures, an important topic in x-ray astrophysics.
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Figure 10. Eledron beam energy profile to produce aMaxwelli an vel ocity distribution. <kT>= 2.0 keV in this example.

Maxwellian profile, T = 2.2 keV

8000
1

4000

Counts/0.002 KeV bin

2000

L

L L L L 1 H
0 0.5 1 1.5 2
Energy (keV)

Figure 11. XRS/EBIT spedrum of a Maxwelli an Fe plasmawith <kT> = 2.2 keV. Note that there ae alarge number of Fe L shell emisson
lines representing charge states from Fe XV Il — Fe XXIV.

5. CONCLUSIONS

The XRSEBIT instrument is based on a 6x6 square planar array of microcdorimeter detedors with 32 instrumented
channels. The detecors are operated at 60 mK using an adiabatic demagnetization refrigerator in a portable laboratory
cryostat. We have fully instrumented the ayostat with a mmplete set of XRS eledronics that is capable of autonomously
aqquiring and processng xray events. We have succesqully mated this instrument with the dedron beam ion trap at
Lawrence Livermore National Laboratory and it is currently running continuously. We have completed a large number of
observations during the first two weeks of operation with this instrument including Fe K and L shell emisson from several
charge states, Fe with Maxwellian eledron distributions, and phase resolved spedroscopy of non-equili brium Fe plasmas.
Thisis only a small sampling of the experiments completed to date and a grea ded of analysis and interpretation hes yet to
be completed.



We have dso completed an extensive cdibration program that will allow us to creae adetailed response function for the
instrument. This is a necessary component to dang any sort of broadband relative flux measurements using our instrument.
Line strength ratios are one of the key benefits of using the XRS/EBIT instrument but without extensive cdibration and thus
having a good handle on the uncertainties, it would be difficult to achieve definitive results.

We will continue to operate the instrument over the short term (weeks to months) but hope to design and build a more
optimized instrument for permanent use & the EBIT fadlity at LL NL.
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